The hardenability change by an addition of B to 0.15%C-Ti added steel was investigated considering the effect of Mo in order to understand one of the peculiar characteristics that austenitizing at higher temperatures reduces the hardenability effect of B. Hardenability monotonically increases with increasing B content up to the optimum B content without the effect of Mo. The optimum B content increases with increasing Mo; 6 ppm, 9 ppm, 13 ppm for 0 % Mo, 0.25 % Mo, 0.50 % Mo. The addition of Mo retards the precipitation of M 23 (CB) 6 and thus more B in solution that contributes to hardenability can exist along grain boundaries by Mo. The optimum B content is reduced with increasing temperatures because much more B concentrates along grain boundaries through non-equilibrium segregation mechanism during cooling from an elevated temperature and thus precipitation of M 23 (CB) 6 easily occurs.
Introduction
It is well known that addition of a small amount of B remarkably increases the hardenability of low alloy steel. Extensive study has revealed that B-added steels have peculiar characteristics. 1) Important ones are that austenitizing at higher temperatures reduces the hardenability effect of B 2) and the maximum B effect appears in the range of 5 to 30 ppm.
3) M. Ueno et al., however, showed the experimental result that the hardenability of B-added steels did not depend on austenitizing temperature under the condition that N was fixed as TiN. 4) It was pointed out that deterioration of hardenability due to high temperature heating is related to N because N in solution is formed by dissolution of AlN. 5) While the information about N was not always given in previous studies, the B effect was investigated in many cases for Mo added steels. 2, 5) On the other hand, M. Ueno et al. indicated no effect of austenitizing temperature on hardenability for Mo free steels.
2) Furthermore, they revealed an interaction between B and Mo on hardenability. 6) This suggests that the difference in type of steels might lead to different results with regard to the B effect.
Thus, the role of B on hardenability still has not been fully clear. In order to utilize B in a wide range of steels, the peculiar characteristics should be more clearly understood. The present study was aimed to elucidate the effects of austenitizing temperature on hardenability of B added steels, especially considering the interaction with Mo addition.
Experimental Procedure

Materials
Mo-added and Mo free steels with varied contents of B were prepared in laboratory facilities. The chemical compositions are given in Table 1 . Each steel is named after the contents of Mo and B, for example, 0.50 % Mo steel with 13 ppm B is named 50M13B. In order to fix N as TiN, a stoichiometrically excess amount of Ti was added to all the steels. In order to eliminate the difference in level of hardenability due to Mo addition, Mn content was reduced for Mo-added steels. Each B free steel was designed to have equal hardenability irrespective of Mo content using the empirical equation on hardenability prediction (b-value). 6) All the steels were melted in a vacuum induction furnace and cast into 50 kg ingots. The steel was re-heated at 1 250°C for 60 min and hot-rolled into a 13 mm thick plate, from which specimens were machined.
Hardenability Tests
The automatic Jominy end quench test apparatus 7) was used to measure the hardenability of steel. The dimensions of the Jominy specimen with a diameter of 10 mm are given in Fig. 1 . The Jominy specimen was heated to the austenitizing temperature and then cooled automatically following the programmed heat pattern. The heating rate was 5°C/s if not indicated otherwise. Hardness distribution from the quench end was measured on two flats ground 0.5 mm deep and parallel to the bar axis by a Vickers hardness tester with 98 000 N load. Typical hardness distributions for a steel containing 0.5%Mo-11 ppmB, austenitized at 950°C and 1 250°C are illustrated in Fig. 2 . A cooling rate was used instead of a Jominy distance in this study. In the figure, an average cooling rate from 800 to 500°C based on measurement 7) is indicated. A critical cooling rate, V c-90 at which the hardness corresponding to 90 % martensite structure is achieved is employed as a hardenability index. With regard to the relationship between hardness and C content, reported data 8) was used. For some purposes, a thermo-mechanical controlling process simulator was also used. The specimen dimensions are 7 mm in diameter and 10 mm in length. All of the observations of B distribution by the alpha-ray track etching (ATE) method 9) were done on this type of specimen.
Results
The austenitizing temperature dependence of V c-90 is illustrated in Fig. 3 for Mo free and 0.5% Mo steels with about 10 ppm B and without B. The change in austenite grain size is also indicated in the figure. For B free steels V c-90 gradually decreases, that is, hardenability increases with increasing temperature, notedly at around 1 100°C. Steels containing B show different temperature dependence depending on Mo addition. For the Mo free steel (00M09B) V c-90 remains constant irrespective of austenitizing temperatures. For the Mo added steel (50M11) V c-90 decreased with increasing temperature to become the smallest at 1 000°C followed by a rise at 1 100°C. At temperatures of 1 100°C or higher, V c-90 for both of Mo added and Mo free steels becomes almost the same. These results clearly show that the temperature dependence of hardenability differently and austenite grain size.
appears for Mo added and Mo free steels. Figure 4 illustrates the effect of B content on V c-90 for steels with 0 %, 0.25 % and 0.5 % Mo austenitized at 950°C for 300 s. The three B free steels have almost the same V c-90 values as expected from the alloy design. It should be noted that V c-90 decreases with increasing B content and the change is the same irrespective of Mo content at a range of B less than 6 ppm. While V c-90 of Mo free steel becomes constant at B exceeding 6 ppm, V c-90 of the 0.5 % Mo steels continues to increase up to 13 ppm and then starts to decrease. If the B content at which V c-90 peaks is defined as the optimum B content, the results are expressed as follows. The optimum B content becomes larger as Mo content increases; 6 ppm, 9 ppm, 13 ppm for 0 % Mo, 0.25 % Mo, 0.50 % Mo. At 10 ppm or so which is the amount conventionally used, it can be said that the improvement of hardenability due to B is greater for Mo added steels. The result for the case of austenitizing temperature of 1 250°C illustrated in Fig. 5 shows a similar tendency to that of 950°C while the optimum B contents are lower compared with the case of 950°C.
In Fig. 6 , the effect of holding time at 950°C after austenitizing at 1 250°C for 60 s and just before the end quenching of Jominy test on V c-90 is illustrated. No pronounced effect of holding time exists between 20 s and 300 s although the hardenability at B content of 6 ppm or lower slightly decreases when the holding time is prolonged to 1 800 s. Figure 7 shows the change of V c-90 with reheating start temperature (T-RST) that is the minimum temperature between austenitizing at 1 250°C and holding temperature of 950°C just before the end quenching. The value of V c-90 is almost constant down to T-RST of 600°C while it drops at 400°C that is lower than the transformation temperature. This means that the hardenability which was deteriorated by austenitizing at 1 250°C recovers to the hardenability level corresponding to 950°C heating when the specimen once transforms into bcc phase.
ATE photographs were taken for specimens subjected to the heat pattern illustrated in Fig. 8 where the specimens were cooled down to 650°C at varied cooling rates followed by He gas quenching. It should be noted that no transformation occurs during the cooling down to 650°C. Typical photographs are shown in Fig. 9 . In Figs. 9(A), 9(B) and 9(E), the grain boundary images of B are supposed to indicate that B exists along austenite grain boundaries mainly as so called segregation. On the other hand, in Figs. 9(C), 9(D) and 9(F) clear dot like images are observed along austenite grain boundaries. These dots are regarded as precipitates containing B. Figure 10 shows extraction replica photographs taken in a transmission electron microscope for the specimen corresponding to Figs. 9(A) and 9(C). Coarse precipitates along austenite grain boundaries are not observed in Fig. 10 (A) and observed in Fig. 10(B) . These precipitates observed in Fig. 10 (B) were determined as a M 23 C 6 type by the electron diffraction analysis shown in Fig. 11 . From the ATE and extraction replica photographs, the black precipitates are thought to be M 23 (CB) 6 . The observation results for M 23 (CB) 6 precipitates are summarized in Table 2 . For the same austenitizing condition, precipitation tends to occur at a lower cooling rate. At a constant cooling rate, precipitation tends to occur for austenitizing at a higher temperature. It looks like that the transition cooling rate between precipitation and non precipitation coincides with V c-90 .
Discussions
As it is clearly understood from the relation between V c-90 and B content in small content range in Figs. 4 and 5, the hardenability is correlated with B content. Furthermore, it should be noted that the relation is not influenced by Mo addition. It is not unreasonable to assume that B GB that is B concentration present along austenite grain boundaries irrespective of forms of B is linearly related to B content of the steel at a constant austenitizing temperature. Therefore, it can be reasonably assumed that the hardenability improvement by B is linearly related to B GB . The hardenability, however, becomes constant or lowers with increasing B content in a higher B content range as shown in Fig. 4 and GB becomes constant or decreases in spite of increasing B GB . Thus, the hardenability becomes constant or lowers with increasing B content because solute B probably contributes to an increase in hardenability. For example, when steels are austenitized at 950°C, some kind of B precipitates are expected to exist for the Mo free steels at B content exceeding 6 ppm and for 0.5 % Mo steels at B content exceeding 13 ppm. As shown in Table 2 , precipitates are observed for 00M14B steel but not observed for 50M13B steel at the same cooling rate of 10°C/s. This suggests that Mo suppresses the precipitation even if B GB is equal. Diffusion of C in austenite is reported to be slower by Mo addition. 10 diffusion to grain boundaries, which probably leads to the delay of precipitation of M 23 (CB) 6 . When the steels are austenitized at 1 250°C, V c-90 becomes constant at B contents exceeding 5 ppm or so, namely, precipitation is thought to occur for the steels containing more than 5 ppm B. Actually, in the case of 50M13 steel the precipitation occurred for 1 250°C austenitizing but did not occur for 950°C austenitizing at the same cooling rate of 10°C/s as indicated in Table 2 . This suggests that B GB increases as austenitizing temperature rises, which can not be explained by equilibrium segregation mechanism. X. Tingdong et al. 12) and X. L. He et al. 13) reported that segregation on grain boundaries of B increases with increasing heating temperature at a low cooling rate but decreases at a high cooling rate because non equilibrium segregation tends to occur during cooling at a low cooling rate. X. Tingdong et al. 11 ) referred 50°C/s as a slow cooling rate. Thus, at cooling rates around the V c-90 non-equilibrium segregation is thought to occur. Non-equilibrium segregation to grain boundaries is thought to be induced from diffusion of vacancy-boron complexes in steel, along with the supersaturation vacancy annihilation at grain boundaries.
14)
Figure 12 is a schematic illustration showing how overall segregation is formed. In the case of non-equilibrium segregation high concentration of B along grain boundaries occurs during cooling. The result shown in Fig. 6 that the hardenability does not change between the holding times of 20 s and 300 s probably supports the non equilibrium segregation mechanism in the case of 1 250°C heating, that is, the segregation is completed during the cooling from 1 250 to 950°C. The high segregation on grain boundaries at a low temperature range, however, hardly occurs when quenching because it takes time to reach the equilibrium. Based on this view and the experimental results about the effects of B content and austenitizing temperature on hardenability, the change of B concentration along grain boundary, B
GB and solute B concentration along grain boundary, Table 2 . Observation results of precipitation along grain boundaries. GB is presumably reduced to a certain level. The result shown in Fig. 7 is understood to indicate that the hardenability recovers when austenite grain boundaries are formed at different sites from the prior austenite grain boundaries where the precipitates existed.
Based on the present results, the points that were mentioned as being not clarified in the introduction are understood as follows. To know the effect of heating temperature on hardenability is important for heat-treated steels. Because steel requiring high hardenability is in many cases a Cr-Mo type, the effect of B was studied mainly for Cr-Mo steels and thus hardenability was understood to decrease when steel is heated at elevated temperatures. As is clear from the present study, the deterioration of hardenability in case of high temperature austenitization phenomenologically occurs for Mo added steel even if N is fixed as TiN. M. Ueno et al. reported that no effect of austenitizing temperature on hardenability is observed for B steels 2) probably because they used Mo free steels. They also reported that a contribution of Mo to an improvement of hardenability of B steel is twice of B free steel.
5) The present result, however, suggests that effect of Mo does not change in B steel but the effect of B becomes greater in Mo steel. As it is recognized from the dependence of V c-90 on B in small content region, there is no inter-correlation between B and Mo.
Conclusions
The hardenability improvement by addition of B to 0.15 % C steel was investigated from the viewpoints of the effects of Mo and austenitizing temperature. Important results are as follows.
(1) Hardenability increases with increasing B content up to the optimum B content and Mo content is not related to the effect. When B content exceeds the optimum B content, hardenability starts to decrease or becomes constant.
(2) The optimum B content increases with increasing Mo; 6 ppm, 9 ppm, 13 ppm for 0% Mo, 0.25% Mo, 0.50% Mo. The addition of Mo most likely retards precipitation of M 23 (CB) 6 and thus more B in solution that contributes to hardenability can exist along grain boundaries by Mo.
(3) The optimum B content is reduced at elevated austenitizing temperatures because much more B concentrates along grain boundaries through non-equilibrium segregation mechanism during cooling from an elevated temperature and thus precipitation of M 23 (CB) 6 
